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Stable isotope analysis 
Trophic plasticity 
Yellow-legged gull 
A B S T R A C T   
For centuries, human activities have altered the population dynamics of wildlife. New anthropogenic food 
sources provide a predictable and abundant food supply that often induces very significant changes in the size, 
distribution, and behaviour of many populations, with ultimate consequences on the structure and functioning of 
natural ecosystems. Here, we combine historical and contemporary feather samples of a population of a su-
perabundant, opportunistic predator, the yellow-legged gull Larus michahellis, to assess its trophic ecology and 
relate it to human activities in the long term. Dietary assessments were based on stable isotope analysis of 
carbon, nitrogen, and sulphur (δ13C, δ15N and δ34S), and were conducted through three end-point (marine prey, 
waste from landfills-slaughterhouses, and terrestrial invertebrates) Bayesian mixing models. Our results suggest 
that gulls’ diet showed a progressive decrease in the consumption of marine prey throughout the most recent 
period (late 20th century onwards), linked to an increase in the consumption of meat waste and small terrestrial 
invertebrates. Reported dietary changes over the sampling period correlated positively with the availability of 
marine resources around the breeding area. We provide evidence suggesting that the ability of gulls to exploit 
efficiently diverse anthropogenic food subsidies likely resulted in the exponential demographic increase of this 
population throughout the 20th century. In addition, current regulations affecting the availability of these food 
resources (e.g., fishing discards and landfill waste) likely reversed this trend over the last decade. Long-term 
evidence of population trophic plasticity, like the one we present here, is essential to implement and support 
management and conservation actions that limit the availability of anthropogenic resources, especially when it 
comes to superabundant, problematic species.   
1. Introduction 
Human activities are relevant drivers of wildlife population dy-
namics in many aspects. For instance, wildlife exploitation of anthro-
pogenic food subsidies (i.e., food generated by human activities that 
becomes available for wildlife) is one of the main factors driving the 
current ecology and population dynamics of a wide range of opportu-
nistic species worldwide (Rose and Polis, 1998; Kuijper et al., 2016; 
Table 1). A common trait among opportunistic species is trophic plas-
ticity (i.e., the ability of organisms to modify their diet in response to 
fluctuating environmental resources; Zhang et al., 2019; Duclos et al., 
2020), which facilitates the exploitation of anthropogenic food subsidies 
shortly after they become available in the environment. Opportunistic 
species efficiently exploit these resources because most of them are 
predictable over space and time, (e.g., landfill waste, fishing discards, 
meat industry waste, crop residues, bird feeders, etc.; Table 1). 
Furthermore, anthropogenic food subsidies may have seemingly positive 
effects on wildlife linked to reduced foraging energetic costs, such as 
improvements in physiology, breeding performance, and survival 
(Newsome et al., 2014; Petroelje et al., 2019, but see Pichegru et al., 
2007) that can ultimately lead to demographic increases (Newsome and 
Van Eeden, 2017; Plaza and Lambertucci, 2017). However, the 
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continued use and dependence on these resources may also contribute to 
an ecological trap (Schlaepfer et al., 2002). Other negative consequences 
of the dependence on anthropogenic food sources include higher expo-
sure and susceptibility to pathogens and pollutants (Leat et al., 2011; 
Lawson et al., 2012; Streicker et al., 2012). 
At a global scale, anthropogenic food subsidies are available for 
wildlife in specific regions with high human density and high per capita 
food waste (e.g. Europe, South East Asia, and North America; Oro et al., 
2013). The three main anthropogenic food subsidies in terms of avail-
ability and global distribution are fishing discards, landfill waste, and 
crop residues (Parfitt et al., 2010; Foley et al., 2011; Bicknell et al., 2013; 
Table 1). Due to human population growth and industrialization of food 
production, the availability of these anthropogenic food subsidies has 
significantly increased over the last century (Hoornweg et al., 2013; Oro 
et al., 2013). At sea, fishing discards represent 10 to 20% of current 
worldwide catches (Zeller et al., 2018). On land, waste production has 
risen tenfold since 1900s, and it is expected to double again by 2025 
(Hoornweg et al., 2013). In addition, the expansion and growth of 
agriculture has increased cultivated land up to ~11% of the total world 
land surface (Foley et al., 2011). All of these resources represent a su-
perabundant and highly predictable food supply for opportunistic con-
sumers, and consequently, these species have altered their population 
dynamics and behaviour for decades. Several official restrictions have 
limited the availability of these anthropogenic food subsidies worldwide 
(e.g., the Landfill Directive; European Commission, 1999 and the Eu-
ropean Landing Obligation; European Commission, 2015); however, 
management authorities are increasingly concerned about how oppor-
tunistic species will respond to these resource restrictions (Bicknell 
et al., 2013; Bino et al., 2010; Oro et al., 2013). 
Long-term dietary reconstructions of wildlife allow us to investigate 
the ability of consumers to adapt their feeding behaviour and strategies 
to the availability of anthropogenic food subsidies (Chamberlain et al., 
2005). Particularly, stable isotope analysis in keratinous tissues, such as 
feathers, can provide a low-effort, non-invasive method to obtain dietary 
estimates for individuals, populations, and species (Dalerum and 
Angerbjörn, 2005; Ramos and González-Solís, 2012). In this study, we 
aimed to evaluate the trophic plasticity of a paradigmatic example of 
superabundant and opportunistic consumer, the yellow-legged gull 
Larus michahellis. To this aim, we used isotopic approaches to recon-
struct the diet of a yellow-legged gull population breeding in the north 
eastern Iberian Peninsula over the last 20 years. We also considered 
dietary reconstructions of four museum specimens collected during the 
20th century. We related feeding habits of this population to the avail-
ability of anthropogenic food subsidies around the study area and during 
the study period, and discuss these findings in relation to past, present 
and future population dynamics. 
Table 1 
A selection of studies that reported opportunistic usage of anthropogenic food 
subsidies by diverse wildlife worldwide.  
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2. Material and methods 
2.1. Species and population 
Many studies have defined the yellow-legged gull as a generalist 
predator, with a very diverse diet adapted to the availability of resources 
(Méndez et al., 2020; Ramírez et al., 2020). In addition, these gulls 
exploit a wide range of resources and habitats closely linked to human 
activities, which makes them a suitable model species to investigate 
effects of the changes in anthropogenic food subsidies on wildlife. 
However, most previous dietary assessments have used either conven-
tional methods (Calado et al., 2020) or integrated short periods of time 
(Arizaga et al., 2013), thus providing a snapshot of the diet of yellow- 
legged gulls or other similar species. Ultimately, this may hamper our 
ability to assess species trophic plasticity in relation to changes in the 
availability of anthropogenic food subsidies. 
In addition, yellow-legged gull is considered a nuisance in several 
places because of its negative interactions with protected species (Oro 
and Martínez-Vilalta, 1994; Arcos et al., 2001; Skórka and Wójcik, 
2005), disturbances caused in urban areas, and its potential role in 
pathogen dispersal (Al-Yasiri et al., 2016; Antilles et al., 2021). For this 
reason, population control measures have been implemented at several 
breeding sites (Paracuellos and Nevado, 2010; Bosch et al., 2019a, 
2019b). Other management practices for this species include the regu-
lation of their accessibility to food sources, particularly when they are 
linked to human activities (e.g. covered landfills; Belant, 1997). Thus, 
any robust contribution to understand yellow-legged gull trophic ecol-
ogy is key for environmental and conservation sciences. 
The study population is located on the Medes Islands (42◦03′00′′N 
03◦13′15′′E), in the Western Mediterranean. These islands consist of 
seven calcareous rocks with an area of 20 ha that are 0.9 km off the 
coast, near intensely urbanised areas in the northeast of the Iberian 
Peninsula. In the last few decades, this population has undergone 
various fluctuations (Fig. 1). Specifically, during the 20th century, this 
population increased exponentially, likely due to their opportunistic 
feeding behaviour and the increase in the availability of anthropogenic 
food subsidies (with an intense growth from 6000 in 1974 to a peak of 
14,000 pairs in 1991). After this peak, the population was culled from 
1992 until 1996 to control its growth. Current regulations affecting the 
availability of anthropogenic food subsidies (e.g. landfill waste reduc-
tion) may have driven its demographic decrease over the most recent 
years (Fig. 1). 
2.2. Fieldwork procedure 
At the colony, we collected 4–6 breast feathers from gull fledglings 
(one per brood to avoid pseudoreplication) in 2004, 2005, 2009, 2010, 
2011, 2014, 2015, 2016, 2017 and 2018. In addition, we also collected 
breast feather samples from four juvenile specimens stored in museums 
(Museu de Ciències Naturals de Barcelona, Barcelona, and Museu Darder, 
Banyoles, Spain), which had hatched in the study colony, to use as in-
dicators of the base-line diet before the generalised abundance of 
anthropogenic food subsidies (early and late 20th century). In partic-
ular, we sampled a few breast feathers from one individual that hatched 
and died in 1916, and three individuals from the 1990s. Finally, we also 
collected spontaneous regurgitations occurring while handling the birds 
during the fieldwork conducted in 2004, 2005, 2017 and 2018. 
To complement the breast feather and regurgitate samplings, we 
captured five breeding adults from the Medes Islands colony during the 
incubation period of 2018 using tent spring traps, and we equipped them 
with solar-powered GPS loggers (WIMBISF-25 from Wimbitek SL; see 
Table S1 for specifications about deployments). We programmed the 
loggers (that represented ~2% of the bird’s body mass), to record lo-
cations every 30 min and attached them to the back of the gulls using a 
wing harness fixed with a reef knot in the tracheal pit, which is an 
attachment method recommended for large gulls (Thaxter et al., 2014). 
We then used the area covered by these five gulls as a proxy for the range 
where the gulls could find their main food sources during the chick- 
rearing season (May-June). 
2.3. Laboratory and stable isotope analyses 
We weighed every spontaneous regurgitation and identified its 
contents. Prey items within regurgitates were categorized as marine 
Fig. 1. Demographic trend (in number of breeding pairs) of yellow-legged gulls Larus michahellis in the colony of Medes Islands (northeast of the Iberian Peninsula; 
Western Mediterranean) from 1960 until 2017. Data gathered from Bosch et al., (2015), Bosch et al. (2017), Bosch et al. (2019a) and Bosch et al. (2019b). Image by 
Toni Llobet ©. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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prey (mostly marine fish), waste from landfills-slaughterhouses (chicken 
and pork meat), and terrestrial invertebrates (hereafter, marine, refuse 
and terrestrial, respectively). The best-preserved samples were selected 
and stored frozen at − 20 ◦C. After that, we grounded them to a fine 
powder in a freezer mill (Spex Certiprep 6750; Spex Industries Inc., 
Metuchen, New Jersey, USA) operating at the temperature of liquid 
nitrogen. To reduce variability due to isotopically lighter lipids, which 
may have a particular influence on the stable isotope values of carbon 
(Attwood and Peterson 1989, Hobson and Welch 1992), we removed 
lipids through several chloroform–methanol (2:1) rinses before the 
stable isotope analysis (Folch et al., 1957). 
Feathers were washed in a 0.25 M sodium hydroxide solution, dried 
to a constant mass, and ground to powder. As feathers are keratinous 
tissues with low lipid content, we did not perform lipid extraction before 
continuing with the process (Post et al., 2007). We weighed a subsample 
of 0.4 mg of feather powder to the nearest µg for carbon and nitrogen 
stable isotope values determinations and about 1.5 mg for sulphur 
isotope measurements, placed each sample in a tin capsule and crimped 
it for combustion. Stable isotope values are expressed as δ values in parts 
per mil (‰), related to the international standard measurements. See 
stable isotope standards and material used in the supporting information 
(M1). 
2.4. Statistical analyses 
Prior to the dietary assessments, we evaluated the inter-annual 
variability in δ13C, δ15N, and δ34S values of the three prey categories 
(marine, refuse and terrestrial). To do so, we performed one-way 
ANOVAs with year as a fixed factor and the stable isotope values of 
each food source and element as response variables (Table S2). More-
over, we performed a cluster analysis using the Euclidean distance and a 
dendrogram using Ward’s method (Ward, 1963) to visualize sample 
grouping according to their stable isotope values. We also performed a 
one-way ANOVA with element, food category and year as fixed factors 
and stable isotope values as a response variable. Then, we performed a 
Tukey pairwise comparisons test to evaluate if, globally, there were 
significant differences among the stable isotope values of the three el-
ements, the three food categories and among years. The p-value of the 
Tukey pairwise comparison tests were subsequently corrected using a 
Bonferroni correction (Table S3). 
To assess the relative contributions of different resources to the diet 
of yellow-legged gulls, we implemented a three element (δ13C, δ15N, and 
δ34S), three end-point (marine, refuse, and terrestrial contributions) 
Bayesian stable isotope mixing model using the MixSIAR package (Stock 
et al., 2018) in R ( R Core Team, 2008). These models allow for uncer-
tainty associated with isotopic values and diet-to-tissue discrimination 
factors. We fitted a MixSIAR model with diet-to-tissue discrimination 
factors extracted from Bearhop et al. 2002, (for δ13C and δ15N), and 
Peterson et al. 1985 (for δ34S). We ran the Markov Chain Monte Carlo 
(MCMC) model with three chains of 100,000 iterations, thinned by 50 
and with a 50,000-iteration burn-in which produced a posterior distri-
bution of 3000 draws. We then assessed model convergence through 
diagnostic plots and the Gelman-Rubin and Geweke diagnostics. 
We gathered annual availability data for the main food resources of 
gulls around the study area (a 50 km buffer around the colony, inferred 
from the maximum range covered by the GPS-tracked gulls; Fig. 2) from 
several sources of information, including yearly fish landings in the 
harbours of the study area, yearly tonnes of landfill waste production, 
yearly tonnes of meat production, and arable land surface (Table 2). We 
explored the relationship between yearly dietary estimates and resource 
availability around the study area using Pearson’s correlation tests for 
each of the three sources. 
3. Results 
Based on the analyses of inter-annual variability of the prey cate-
gories, we found significant differences in element-specific stable 
isotope values between years in three cases; marine δ13C, marine δ34S, 
and refuse δ34S (Fig. S1, Table S2). However, we also found that, overall, 
there were no significant differences among years when pooling all of 
the stable isotope values but instead, there were among elements and 
food categories (Tables S3 and S4), showing that the differences found 
Fig. 2. Map of the study area with positions of GPS-tracked gulls (filled grey circles), main anthropogenic food sources (coloured crosses and green area) and the 
sampled colony of Medes Islands (red triangle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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between years in individual elements were much smaller than between 
prey categories or elements, and that therefore they were not relevant to 
our analysis (Fig. S2, Table 3). 
Regarding the dietary assessments, we found that yellow-legged 
gulls from the Medes Islands changed their diet repeatedly throughout 
the study period (Fig. 3, Table 4). Specifically, our results based on the 
dietary assessment of the museum specimens suggested that the pro-
portion of marine prey in the diet of yellow-legged gulls was much 
higher at the beginning of the 20th century (~70%) compared to the one 
in the 1990s (~40%) and the 2004–2018 period (~50% and ~35%, 
respectively). Concurrently with this decrease in marine prey con-
sumption during the study period, we also found an increase in the 
consumption of refuse. Our assessments of the individual from the 
beginning of the 20th century revealed the lowest refuse dietary pro-
portion values (~20%), in contrast to those from the 1990s (30%) and 
from 2004 to 2018, when the consumption of refuse stabilized 
(41–52%). Similar to that of refuse, the consumption of terrestrial prey 
was low at the beginning of the 20th century (~15%) and larger in the 
1990s (30%); however, this contribution dropped to ~0% in 2004 and 
then increased in a stepwise manner until 2018 (~20%). 
To relate these findings to the availability of anthropogenic food 
subsidies, we gathered data on their availability in the study zone 
(Fig. 2), which revealed that landings in harbours (our proxy for the 
availability of marine prey) decreased from over 700 tonnes/year in the 
year 2000 down to 100 tonnes/year in 2018 (Fig. S3A). Landfill waste 
(one of our proxies for the availability of refuse items), decreased from 
200,000 tonnes/year in the year 1992 down to 300 tonnes/year in 2018 
(Fig. S3B). In contrast, meat production (the other proxy for the avail-
ability of refuse items) increased from 500,000 tonnes/year to 800,000 
tonnes/year from 2004 until 2018 (Fig. S3C). Finally, arable land sur-
face (our proxy for the availability of terrestrial invertebrates), remained 
fairly steady (around 80,000 ha) in the 1999–2019 period (Fig. S3D). 
When linking our dietary assessments with anthropogenic food 
subsidies availability, we found that marine prey consumption was 
highly correlated with the tonnes of fish landings in harbours of the 
study area (p = 0.003; r2 = 0.720; Fig. 4A and S3). However, we did not 
find relationships with refuse tonnage (landfill and meat wastes; p =
0.730; r2 = 0.014; Fig. 4B) or arable land surface (p = 0.730; r2 = 0.016; 
Fig. 4C). 
4. Discussion 
Our analyses provide long-term estimates regarding the diet of an 
opportunistic species inhabiting a highly human-modified landscape. 
We showed that yellow-legged gulls repeatedly adapted their diet to the 
anthropogenic food subsidies available around the study area, thus 
showing a very high trophic plasticity. This plasticity may have been an 
important driver in making this gull very successful, often at the expense 
of other species (Bosch, 1996; but see Oro and Martínez-Abraín, 2007), 
as shown by its trends in colony size. Therefore, our results point to the 
adaptable nature of this opportunistic species. Many other animal spe-
cies worldwide have also experienced dietary changes related to human 
activities and the exploitation of anthropogenic food subsidies, but large 
gulls are especially plastic. Accordingly, they show a variety of location- 
specific strategies, including an extensive use of the terrestrial envi-
ronment (lesser black-backed gull Larus fuscus; Spelt et al., 2019, herring 
gull Larus argentatus; Pennycott et al., 2020), a conservation of their 
traditional marine habits (kelp gull Larus dominicanus; Silva-Costa and 
Bugoni, 2013, great black-backed gull Larus marinus; Maynard and 
Davoren, 2018) or a mixture of strategies (Audouin’s gull Ichthyaetus 
audouinii; Bécares et al., 2015; lesser black-backed gull; Isaksson et al., 
2016). 
In our study, yellow-legged gulls showed several dietary shifts 
throughout the study period, likely driven by changes in the availability 
of anthropogenic food subsidies in the study area. First, marine contri-
bution to diet of this population showed a decrease throughout the 
period 2004–2018. It has been shown that in some colonies, the habitat 
use of yellow-legged gulls is not constant throughout the breeding cycle, 
with an increase in marine environment use during the breeding season 
(Ramos et al., 2011; Ramírez et al., 2020), suggesting that marine prey 
consumption may be even lower during the non-breeding period. Large 
gulls are known to have a dietary preference for marine fish (e.g. sardine 
Sardina pilchardus; Calado et al., 2020), as it can provide essential amino 
acids that cannot be synthesized by birds (e.g. leucine and valine) and 
that are key for processes such as egg formation (Hebert et al., 2002). 
Nowadays, most of the yellow-legged gull diet in colonies that are found 
in remote locations, far from human settlements (e.g. Columbretes 
Islands in the Western Mediterranean; Morera-Pujol et al., 2018), is still 
largely marine-based (either from fishing discards or naturally caught 
fish), as was the case for our sample in 1916. Our study population 
breeds very close to several fishing harbours where discarding opera-
tions are conducted, particularly by trawling and purse-seining fishing 
boats, which supply a predictable and abundant food source for the gulls 
(Oro et al., 1996; Karris et al., 2018). Indeed, we found a strong positive 
correlation between the proportion of marine prey in the yellow-legged 
gull diet and the tonnes of landed fish in the nearby harbours. This could 
indicate a plastic response of this species in face of the decrease in the 
availability of marine prey in the study area, mainly due to the stock 
collapse of some forage fish species (Demirel et al., 2020; Pennino et al., 
2020). This stock collapse has led to a decrease in the fish catches in the 
Table 2 
Proxies for resource availability of potential food sources, our interpretation of 
it, time interval of each dataset and the data source. Landfill tonnage added with 
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study area (from ~800 t/year to ~300 t/year) that may reflect the 
scarcity of natural prey availability, that has ultimately led to a decrease 
in the production of fishing discards which, in turn, may have affected 
the gulls’ diet. We predict that the decreasing trend of marine prey 
consumption will be augmented in the near future, as the predictable 
anthropogenic food subsidy provided by fishing discards is influenced 
by the Landing Obligation that is currently being implemented in the EU 
(European Commission, 2015; Ramos et al., 2009; Karris et al., 2018). 
The recorded decrease in the availability of marine prey can ulti-
mately be compensated in caloric terms by the use of other anthropo-
genic food subsidies, such as refuse items and terrestrial invertebrates. 
Accordingly, our results suggest that there is an inverse relationship 
between the consumption of marine prey and refuse items. This may 
have nutritional downsides as marine prey (mostly fish) is rich in highly 
unsaturated fatty acids, key for growth and development in birds (Surai 
and Speake, 2008), contrasting with refuse, that has been shown to be 
inadequate for normal chick development (Pierotti and Annett, 2001). 
Refuse contributed to a low proportion of gull diet in the sample of 1916 
(~20%), had a larger contribution in the 1990s (~30%), became a 
stable in the 2004–2018 period (ranging 41–52%), and is now the 
largest contributor to the yellow-legged gull diet. The main sources of 
refuse items for wildlife are landfills (i.e. organic leftovers from human 
food consumption; Ramos et al., 2009; Pedro et al., 2013), meat pro-
cessing industries, and slaughterhouses. However, recent legislations 
have limited the amount and availability of landfill waste (European 
Commission, 1999) and, as a consequence, the landfills of our study area 
have significantly decreased their waste from a yearly peak of over 
200,000 t of waste (late 1990s) to ~100,000 t (2018). Meanwhile, meat 
production has increased, which has potentially generated more avail-
ability of meat waste. This may compensate for the reduced availability 
of landfill waste, resulting in little change in refuse consumption during 
the 2004–2018 period. These results are of particular importance, as we 
provide explicit evidence to suggest that yellow-legged gulls may be 
feeding from meat industry waste (as inferred from the GPS data), which 
could be masking a decrease in landfill attendance (Zorrozua et al., 
2020). The refuse items consumed by gulls in landfills and meat in-
dustries are often composed primarily of chicken, pork, or beef scraps 
(Ramos et al., 2009) because they can supply high values of energy per 
meal with a low energetic cost of foraging (Pierotti and Annett, 1991). 
Consequently, this can result in an increase in individual fitness that 
may reflect a better breeding performance and, ultimately, a de-
mographic increase at a population level (Duhem et al., 2007; Plaza and 
Lambertucci, 2017). This could be the case for our study population, 
where the number of breeding pairs grew from 6000 to 14,000 in the 
1974–1991 period, coinciding with the industrial and touristic devel-
opment of the study area (Mundet, 2000). This demographic explosion, 
coupled with the fish stock collapse and the decrease in fishing activity, 
may have led to a lower availability of marine prey in the study area, 
which may explain the relatively large refuse and terrestrial prey con-
sumption in the 1990s (combined proportion of 60%). 
The low terrestrial prey consumption in 2004 (~0%) may be 
explained by the low number of breeding pairs in the colony due to 
culling procedures between 1992 and 1996. This may have reduced 
competition and increased the availability of refuse items and marine 
Fig. 3. Dietary contributions (in %) of the main food 
sources inferred from stable isotope analysis of 
feather samples during the sampled period. Grey- 
shaded area shows results from museum specimens 
(20th century). Coloured violins represent the den-
sity of the posterior distribution for each year and 
food source (marine: marine fish; refuse: chicken and 
pork meat and terrestrial: terrestrial invertebrates). 
Continuous, coloured lines linking yearly estimates 
are plotted only for better visualization purposes.   
Table 4 
Carbon (δ13C), nitrogen (δ15N), and sulphur (δ34S) stable isotope values for each 
sampled year. Mean (±SD [minimum: maximum]).  
Year n δ13C δ15N δ34S 
1916 1 − 17.69 14.76 15.85 
1990s 3 − 18.94 ± 0.04 
[− 19.03: − 18.90] 
11.20 ± 0.25 
[10.81:11.57] 
11.87 ± 1.44 
[10.00:12.71] 
2004 22 − 18.37 ± 0.49 
[− 19.31: − 17.53] 
9.93 ± 0.47 
[9.09:11.06] 
13.67 ± 1.77 
[10.58:17.11] 
2005 96 − 18.24 ± 0.50 
[− 20.04: − 17.05] 
9.70 ± 0.44 
[8.83:10.85] 
12.05 ± 1.49 
[7.63:15.39] 
2009 16 − 18.81 ± 0.46 
[− 19.69: − 17.99] 
10.37 ± 0.55 
[8.83:11.24] 
12.87 ± 1.29 
[10.79:15.22] 
2010 50 − 19.45 ± 0.64 
[− 20.77: − 18.01] 
10.36 ± 0.40 
[9.52:11.29] 
10.77 ± 1.43 
[7.88:13.43] 
2011 71 − 19.46 ± 0.51 
[− 20.89: − 18.51] 
10.17 ± 0.47 
[9.07:11.45] 
10.88 ± 1.55 
[8.05:14.35] 
2014 59 − 19.29 ± 0.53 
[− 20.87: − 18.42] 
10.66 ± 0.46 
[9.76:11.80] 
10.16 ± 1.53 
[6.24:13.16] 
2015 60 − 19.42 ± 0.56 
[− 21.87: − 18.49] 
10.35 ± 0.42 
[9.35:11.16] 
10.95 ± 1.61 
[7.5:14.18] 
2016 59 − 19.70 ± 0.44 
[− 20.54: − 18.68] 
10.50 ± 0.49 
[8.93:12.31] 
9.32 ± 1.62 
[6.10:13.82] 
2017 56 − 20.11 ± 0.59 
[− 21.34: − 18.89] 
10.18 ± 0.69 
[10.81:11.57] 
8.98 ± 1.64 
[5.42:12.40] 
2018 62 − 19.55 ± 0.46 
[− 20.90: − 18.70] 
10.34 ± 0.56 
[9.40:12.40] 
11.61 ± 1.89 
[6.90:16.00]  
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prey for all individuals. Additionally, there is a consistent increase in the 
consumption of terrestrial prey (i.e. terrestrial invertebrates; Moreno 
et al., 2010; Arizaga et al., 2013) from 2004 to 2018 (from nearly 0% up 
to 35%), which coincides with the decrease in marine prey consumption. 
As in the case of refuse, the increase in consumption of terrestrial in-
vertebrates seems to be linked to the continued decline of fishing dis-
cards availability at the nearby harbours throughout our study period. A 
decrease in fishing discards may be compensated by exploiting other 
resources, such as terrestrial invertebrates found in crops, which is 
similar to what may have happened in the 1990s during the de-
mographic explosion. However, terrestrial invertebrates are less ener-
getically rich than fish (~70 kcal/100 g vs. ~340 kcal/100 g; Finke, 
2002; Oruwari et al., 1999), which could potentially lead to a decrease 
in individual fitness. This may explain the decrease in breeding pairs in 
the colony in the last 10 years of sampling (2008–2018; 7700–5000 
pairs). Therefore, all of our results point to a reduction in energetically 
and nutritionally profitable prey (due to the Landing Obligation, forage 
fish stock collapse, Landfill Directive) that may lead to a sustained 
population decrease in the near future (Robertson et al., 2013). 
4.1. Concluding remarks 
In this study, we provide insights into the dietary changes of an 
opportunistic species, and we show that it repeatedly adapted its diet to 
the availability of anthropogenic food subsidies in the study area, with a 
gradient from high to low energetically profitable prey, particularly 
regarding the increase of terrestrial invertebrate consumption. These 
results highlight the high trophic plasticity of yellow-legged gulls, and 
predict future dietary changes in scenarios with anthropogenic food 
subsidy restrictions. Moreover, in the current situation of a rapidly 
changing environment due to global change, the behavioural and di-
etary plasticity shown here by yellow-legged gulls should provide a 
survival advantage, in comparison to specialist and less plastic species. 
However, the use of less energetically dense prey may have de-
mographic consequences for yellow-legged gulls as well. This trophic 
plasticity may also have effects on interactions between wildlife and 
humans, especially when implemented restrictions reduce the avail-
ability of anthropogenic food subsidies and certain species are forced to 
change their foraging habits. For example, certain species may stop 
feeding in specific places (e.g. landfills or fishing harbours), but instead 
be forced to spread to other areas, including urban spaces, to meet their 
feeding requirements. This phenomenon already occurs in large gull 
populations across their distribution ranges, where it is rather common 
to observe these species colonising urban areas and foraging in the 
streets (Ramírez et al., 2020, Méndez et al., 2020, Coccon and Fano, 
2020). This may also have undesired consequences, such as an increased 
transmission of pathogens (Navarro et al., 2019). Thus, it is essential to 
monitor opportunistic species that are in contact with humans, to be 
able to implement suitable management and conservation actions that 
limit the availability or accessibility of anthropogenic food sources, 
especially when it comes to superabundant species, such as large gulls. 
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proportion vs. arable land surface. Notice that 20th century samples from museum specimens are not considered due to the lack of estimations of anthropogenic food 
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200, 107–116. 
Navarro, J., Grémillet, D., Afán, I., Miranda, F., Bouten, W., Forero, M.G., Figuerola, J., 
2019. Pathogen transmission risk by opportunistic gulls moving across human 
landscapes. Sci. Rep. 9 (1), 10659. 
Newsome, T.M., Ballard, G.A., Fleming, P.J.S., van de Ven, R., Story, G.L., Dickman, C.R., 
2014. Human-resource subsidies alter the dietary preferences of a mammalian top 
predator. Oecologia 175 (1), 139–150. https://doi.org/10.1007/s00442-014-2889- 
7. 
Newsome, T.M., Van Eeden, L.M., 2017. The effects of food waste on wildlife and 
humans. Sustainability 9 (7), 1269. https://doi.org/10.3390/su9071269. 
Oro, D., Martínez-Abraín, A., 2007. Deconstructing myths on large gulls and their impact 
on threatened sympatric waterbirds. Anim. Conserv. 10 (1), 117–126. https://doi. 
org/10.1111/j.1469- 1795.2006.00082.x. 
Olea, P.P., Baglione, V., 2008. Population trends of Rooks Corvus frugilegus in Spain and 
the importance of refuse tips. Ibis 150 (1), 98–109. https://doi.org/10.1111/j.1474- 
919X.2007.00751.x. 
Oro, D., Martínez-Vilalta, A., 1994. Factors affecting kleptoparasitism and predation 
rates upon a colony of Audouin gull by yellow-legged gulls in Spain. Col. Waterbirds 
17 (1), 35–41. https://doi.org/10.2307/1521379. 
Oro, D., Jover, L., Ruiz, X., 1996. Influence of trawling activity on the breeding ecology 
of a threatened seabird, Audouin’s gull Larus audouinii. Mar. Ecol. Prog. Ser. 139, 
19–29. https://doi.org/10.3354/meps139019. 
Oro, D., Genovart, M., Tavecchia, G., Fowler, M.S., Martínez-Abraín, A., Worm, B., 2013. 
Ecological and evolutionary implications of food subsidies from humans. Ecol. Lett. 
16 (12), 1501–1514. https://doi.org/10.1111/ele.12187. 
Oro, D., Ruiz, X., 1997. Exploitation of trawler discards by breeding seabirds in the 
north-western Mediterranean: differences between the Ebro Delta and the Balearic 
Islands areas. ICES J. Mar. Sci. 54 (4), 695–707. 
Oruwari, B.M., Oji, U.I., Iwuagwu, R.O., 1999. Determination of the true metabolizable 
energy value and digestibility of Sardine fish meal. Niger. J. Anim. Sci. 1 (2), 17–21. 
ISSN: 1119-4308.  
Paracuellos, M., Nevado, J.C., 2010. Culling Yellow-legged Gulls benefits Audouin’s 
Gulls at a small and remote colony. Bird Study 57 (1), 26–30. https://doi.org/ 
10.1080/00063650903271936. 
Parfitt, J., Barthel, M., Macnaughton, S., 2010. Food waste within food supply chains: 
Quantification and potential for change to 2050. Philos. Trans. R. Soc. Lond., B Biol. 
Sci. 365 (1554), 3065–3081. https://doi.org/10.1098/rstb.2010.0126. 
Parra, J., Tellería, J.L., 2004. The increase in the Spanish population of Griffon Vulture 
during 1989–1999: effects of food and nest site availability. Bird Conserv. Int. 14 (1), 
33–41. https://doi.org/10.1017/S0959270904000048. 
Pedro, P.I., Ramos, J.A., Neves, V.C., Paiva, V.H., 2013. Past and present trophic position 
and decadal changes in diet of Yellow-legged Gull in the Azores Archipelago, NE 
Atlantic. Eur. J. Wildl. Res. 59 (6), 833–845. https://doi.org/10.1007/s10344-013- 
0737-4. 
Pennino, M.G., Bachiller, E., Lloret-Lloret, E., Albo-Puigserver, M., Esteban, A., 
Jadaud, A., Coll, M., 2020. Ingestion of microplastics and occurrence of parasite 
association in Mediterranean anchovy and sardine. Mar. Pollut. Bull. 158, 111399 
https://doi.org/10.3389/fmars.2020.00622. 
Pennycott, T.W., Grant, D., Nager, R.G., 2020. Earthworms in the diet of Herring Gulls 
Larus argentatus breeding on an off-shore island. Bird Study 67 (1), 131–134. https:// 
doi.org/10.1080/00063657.2020.1743232. 
Peterson, B.J., Howarth, R.W., Garritt, R.H., 1985. Multiple stable isotopes used to trace 
the flow of organic matter in estuarine food webs. Science 227 (4692), 1361–1363. 
Peterson, C., Messmer, T.A., 2011. Biological consequences of winter-feeding of mule 
deer in developed landscapes in Northern Utah. Wild. Soc. Bull. 35 (3), 252–260. 
https://doi.org/10.1002/wsb.41. 
Petroelje, T.R., Belant, J.L., Beyer, D.E., Svoboda, N.J., 2019. Subsidies from 
anthropogenic resources alter diet, activity, and ranging behavior of an apex 
predator. Sci. Rep. 9 (1), 13438. https://doi.org/10.1038/s41598-019-49879-3. 
Pichegru, L., Ryan, P.G., van der Lingen, C.D., Coetzee, J., Ropert-Coudert, Y., 
Grémillet, D., 2007. Foraging behaviour and energetics of Cape gannets Morus 
capensis feeding on live prey and fishery discards in the Benguela upwelling system. 
Mar. Ecol. Prog. Ser. 350, 127–136. https://doi.org/10.3354/meps07128. 
Pierotti, R., Annett, C.A., 1991. Diet choice in the herring gull: constraints imposed by 
reproductive and ecological factors. Ecology 72 (1), 319–328. https://doi.org/ 
10.2307/1938925. 
Pierotti, R., Annett, C., 2001. The ecology of Western Gulls in habitats varying in degree 
of urban influence. In: Marzluff, J., Bowman, R., Roarke, D. (Eds.), Avian Ecology 
and Conservation in an Urbanizing World. Springer, Boston, Massachusetts, 
pp. 307–329. 
Plaza, P.I., Lambertucci, S.A., 2017. How are garbage dumps impacting vertebrate 
demography, health, and conservation? Glob. Ecol. Conserv. 12, 9–20. https://doi. 
org/10.1016/j.gecco.2017.08.002. 
Post, D.M., Layman, C.A., Arrington, D.A., Takimoto, G., Quattrochi, J., Montana, C.G., 
2007. Getting to the fat of the matter: models, methods and assumptions for dealing 
with lipids in stable isotope analyses. Oecologia 152 (1), 179–189. https://doi.org/ 
10.1007/s00442-006-0630-x. 
R Core Team, 2008. A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. <http://www.R-project.org>. 
Ramírez, F., Afán, I., Bouten, W., Carrasco, J.L., Forero, M.G., Navarro, J., 2020. Humans 
shape the year-round distribution and habitat use of an opportunistic scavenger. 
Ecol. Evol. 10 (11), 4716–4725. https://doi.org/10.1002/ece3.6226. 
Ramos, R., Ramírez, F., Sanpera, C., Jover, L., Ruiz, X., 2009. Diet of Yellow-legged Gull 
(Larus michahellis) chicks along the Spanish Western Mediterranean coast: The 
relevance of refuse dumps. J. Ornithol. 150 (1), 265–272. https://doi.org/10.1007/ 
s10336-008-0346-2. 
Ramos, R., Ramírez, F., Carrasco, J.L., Jover, L., 2011. Insights into the spatiotemporal 
component of feeding ecology: an isotopic approach for conservation management 
sciences. Divers. Distrib. 17 (2), 338–349. https://doi.org/10.1111/j.1472- 
4642.2010.00736.x. 
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Skórka, P., Wójcik, J.D., 2005. Colonization and population growth of Yellow-legged 
Gull in southeastern Poland: causes and influence on native species. Ibis 147, 
471–482. https://doi.org/10.1111/j.1474-919X.2005.00415.x. 
Spelt, A., Williamson, C., Shamoun-Baranes, J., Shepard, E., Rock, P., Windsor, S., 2019. 
Habitat use of urban-nesting lesser black-backed gulls during the breeding season. 
Sci. Rep. 9 (1), 10527. https://doi.org/10.1038/s41598-019-46890-6. 
Stock, B., Jackson, A., Ward, E., Parnell, A., Phillips, D., Semmens, B., 2018. Analyzing 
mixing systems using a new generation of Bayesian tracer mixing models. PeerJ 6. 
https://doi.org/10.7717/peerj.5096 e5096.  
Streicker, D.G., Recuenco, S., Valderrama, W., Gomez Benavides, J., Vargas, I., 
Pacheco, V., Condori Condori, R.E., Montgomery, J., Rupprecht, C.E., Rohani, P., 
Altizer, S., 2012. Ecological and anthropogenic drivers of rabies exposure in vampire 
bats: Implications for transmission and control. Proc. Biol. Sci. 279 (1742), 
3384–3392. https://doi.org/10.1098/rspb.2012.0538. 
Surai, P.F., Speake, B.K., 2008. The natural fatty acid compositions of eggs of wild birds 
and the consequences of domestication. In: De Meester, F., Watson, R. (Eds.), Wild- 
type Food in Health Promotion and Disease Prevention. Humana Press, Totowa, New 
Jersey, pp. 121–137. 
Thaxter, C.B., Ross-Smith, V.H., Clark, J.A., Clark, N.A., Conway, G.J., Marsh, M., 
Leat, E.H.K., Burton, N.H.K., 2014. A trial of three harness attachment methods and 
their suitability for long-term use on Lesser Black-backed Gulls and Great Skuas. 
Ring. Migr. 29 (2), 65–76. https://doi.org/10.1080/03078698.2014.995546. 
Ward, J.H., 1963. Hierarchical grouping to optimize an objective function. J. Am. Stat. 
58 (301), 236–244. 
Zhang, X., Yu, R.Q., Lin, W., Gui, D., Sun, X., Yu, X., Guo, L., Cheng, Y., Ren, H., Wu, Y., 
2019. Stable isotope analyses reveal anthropogenically driven spatial and trophic 
J. Ouled-Cheikh et al.                                                                                                                                                                                                                          
Ecological Indicators 129 (2021) 107943
10
changes to Indo-Pacific humpback dolphins in the Pearl River Estuary, China. Sci. 
Total Environ. 651, 1029–1037. https://doi.org/10.1016/j.scitotenv.2018.09.256. 
Zeller, D., Cashion, T., Palomares, M., 2018. Global marine fisheries discards: a synthesis 
of reconstructed data. Fish Fish. 19 (1), 30–39. https://doi.org/10.1111/faf.12233. 
Zorrozua, N., Egunez, A., Aldalur, A., Galarza, A., Diaz, B., Hidalgo, J., Jover, L., 
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